Object. The aim of this study was to determine the incidence of posttraumatic hydrocephalus in severely headinjured patients who required decompressive craniectomy (DC). Additional objectives were to determine the relationship between hydrocephalus and several clinical and radiological features, with special attention to subdural hygromas as a sign of distortion of the CSF circulation.
D
ecompressive craniectomy is a surgical procedure used for the treatment of either the different causes of swelling or expansive cerebral lesions. Primary DC is carried out when the bone flap is not replaced after the evacuation of a cerebral mass, whereas secondary DC is performed as a second-line treatment for refractory intracranial hypertension.
The benefit of this procedure is related to the reduction of the ICP, thereby improving brain oxygenation, cerebral perfusion, and compliance. Decompressive craniectomy is not a new tool. It has been used since ancient times and has been attracting interest for more than a century as a therapy for treating severe brain edema. The effect of DC on clinical outcome is unknown and needs to be evaluated in a prospective randomized trial. Several prospective and retrospective studies have reported good results in groups of selected patients. 2, 3, 20 From a technical point of view, DC is a relatively simple procedure, but complications are not uncommon. Few published studies have concerned complications, and some authors have suggested that the presence of complications may diminish the potential benefits of the DC. 23 Interhemispheric hygroma after decompressive craniectomy: does it predict posttraumatic hydrocephalus?
Abbreviations used in this paper: DC = decompressive craniectomy; GCS = Glasgow Coma Scale; GOS = Glasgow Outcome Scale; ICP = intracranial pressure; IHH = interhemispheric hygroma; IVH = intraventricular hemorrhage; SAH = subarachnoid hemorrhage; TBI = traumatic brain injury; TCDB = Traumatic Coma Data Bank.
Cerebrospinal fluid circulation disruptions are one of the most common complications, appearing either as subdural collections in different locations or as ventricular enlargement. In any case, both can modify the treatment and management of patients with severe TBI.
Posttraumatic hydrocephalus is a well-known event, with an incidence ranging from 0.7 to 86%. 4, 6, 12, 15, 19, 23 The wide range is due to the use of different diagnostic criteria and classifications. The presence of blood in the subarachnoid or intraventricular space could explain the physiopathology of posttraumatic hydrocephalus in some patients. However, recent publications about DC in nontraumatic patients have indicated that DC is an independent factor for developing communicating hydrocephalus. 22 Subdural hygromas are a common complication of craniotomy procedures, especially after DC (complication range 23-37%). 2, 8, 21 They can be located ipsi-or contralateral to the side of the DC, although in some cases they are bilateral or located in the interhemispheric space. Subdural hygromas can be seen even in the 1st week after surgery; these fluid collections may grow for up to 4 weeks, but the majority gradually disappeared without necessitating surgical management. 1, 18 The aim of this study was to determine the incidence of posttraumatic hydrocephalus in severely head-injured patients, who required DC and survived more than 7 days. Additional objectives were to determine the relationship between hydrocephalus and several clinical and radiological features and to ascertain factors that may predict the development of hydrocephalus, with special attention to subdural hygromas as a sign of distortion of the CSF circulation.
Methods

Study Setting
We conducted a retrospective, consecutive cohort study at the Hospital 12 de Octubre, in Madrid, from January 2000 to January 2006. In this period, the department of neurosurgery at this hospital tended to a total of 442 consecutive patients with nonmissile severe head injury (GCS score ≤ 8) and age greater than 15 years, in whom at least 1 CT scan was obtained within 6 hours of injury. Decompressive craniectomy was performed in 96 patients. Indications included the presence of CT-documented diffuse uni-or bilateral brain swelling or massive intraoperative brain swelling during evacuation of an intracranial hematoma. We excluded patients who died within 7 days of injury (23 patients), because we believe that in this period there is not enough time to develop hydrocephalus. Seventy-three patients surviving for more than 7 days postinjury were therefore included. Of these patients, 14 died during follow-up, which, for the rest of the cohort, was a minimum of 6 months.
Surgical procedures included removal of the frontotemporoparietal calvaria, bicoronal or bilateral craniectomy, and expansive durotomy. After surgery, all patients were returned to the neurological intensive care unit for ICP monitoring and standard medical management of cerebral edema. Serial CT scans were acquired in all patients. Some epidemiological information was collected at admission, such as age, sex, TBI mechanism, and presence of severe extracranial injury, postresuscitation level of consciousness expressed by GCS score, motor subscale, and pupil examination. Final outcome was dichotomized according to the GOS in 2 categories: poor outcome (a GOS score of 1, 2, or 3) and good outcome (a GOS score of 4 or 5).
Computed Tomography Evaluation
Findings from the admission CT scanning were recorded according to the TCDB classification. 16 Individual lesions identified on CT scans, such as cerebral contusions, traumatic SAH, IVH, or intra/extraaxial hemorrhagic collections, were also recorded. 13, 14, 16 Data from subsequent CT scans were recorded as well. For the purposes of this study, posttraumatic hydrocephalus was defined as the presence on any of the control CT scans of both of the following criteria: 1) modified Frontal Horn Index score greater than 33% (the greatest width of the frontal horns divided by the bicortical distance in the same plane), 11 and 2) Gudeman CT criteria. 9 Gudeman CT criteria include the distended appearance of the anterior horns of the lateral ventricles and the enlargement of the temporal horns and third ventricle in the presence of normal or absent sulci. Periventricular translucency is also considered. Clinical examination findings were not included as a defining element in the determination of hydrocephalus given the poor baseline neurological status of most patients in the acute period after brain injury, which resulted in an inability to quantify subtle clinical changes probably referable to hydrocephalus. Measurement of ICP was considered, but it was not included in this definition. Hygromas were diagnosed based on subdural fluid collection and classified according to location of the craniectomy (ipsilateral, contralateral, bilateral, and interhemispheric). Herniation through the craniectomy defect was defined as herniating brain tissue more than 1.5 cm higher than the plane of the cranial defect (outer table of the skull, in the middle of the defect). In patients presenting with hydrocephalus, prior control CT scans were specially followed to describe the evolution of subdural collections and/or brain shifts and their possible relation to the genesis of this complication.
Statistical Analysis
Study outcome focused specifically on the development of hydrocephalus after craniectomy. In the descriptive analysis, qualitative variables are shown as percentages. Quantitative variables are described by mean ± SD or by median and interquartile range, depending on whether they were or were not normally distributed. The Pearson chi-square or Fisher exact test was used for univariate analysis of qualitative variable and the MannWhitney U-test was for quantitative variables. The association between variables was considered to be significant when the p value was less than 0.05. Because some patients died during the follow-up period, we used the Cox proportional hazards regression method for multivariate analysis. With this method the time between surgery and outcome (hydrocephalus present or absent) could be defined with more precision. We included in the model variables that were significant to the presence of hydrocephalus after DC in the univariate analysis. The hazards ratio was calculated for the different prognostic factors. The statistical analyses were performed using a software package (SPSS for windows, release 12.0; SPSS).
Results
The characteristics of the 73 patients included in the study are shown in Table 1 . Mean age was 36 years, and most patients were male. The most frequent cause of severe head injury was motor vehicle accident (44%), and this was followed by fall (40%). The majority of patients (97%) had a primary DC and almost all of the procedures were frontotemporal (86%).
Analysis of the admission CT scans showed that SAH was a frequent finding (92%); also common were brain edema (75%) and brain contusions (67%); IVH, however, was less common (30%). Herniation through the craniectomy was seen in 12 patients (16.4%).
The presence of subdural hygromas was a very common finding in patients with DC (49%), the most common locations being on the area of the craniectomy (40%) and the interhemispheric fissure (22%). Fourteen patients harbored hygromas in 2 or more locations; IHH and ipsilateral hygromas were the most frequent combination (85%).
Hydrocephalus and Time of Presentation
After application of Gudeman CT criteria, hydrocephalus was found in 20 (27.4%) of the 73 patients studied. The mean modified Frontal Horn Index was 42 (range 34-53). Among these 20 patients, hydrocephalus following DC appeared within the first 50 days of injury in 13 (65%), and delayed hydrocephalus (after 50 days) was documented in 7 (35%).
Association Between Hydrocephalus and Clinical/Radiological Features
Most clinical characteristics, including age, sex, mechanism of injury, and type of decompression, did not predict hydrocephalus development. Similarly, initial GCS score, pupil alterations, and initial motor response were not associated with ventriculomegaly. Contusions were evacuated in 35 (48%) of the 73 patients. No association was found between hydrocephalus and brain resection. Bilateral crani ectomy was statistically related to hydrocephalus in univariate but not multivariate analysis ( Table 2) . Table 1 shows the incidence of hydrocephalus after DC according to the different types of lesion in the TCDB classification. No statistically significant differences were found related to this CT score. Other important CT findings, such as as compressed basal cisterns, SAH, or IVH, were not associated with post-DC hydrocephalus. Herniation through the craniectomy defect was statistically related to hydrocephalus, but this significance did not persist in the multivariate analysis (Table 2) .
Association Between Hydrocephalus and Subdural Hygromas
Subdural hygromas were observed in 18 (90%) of 20 patients with hydrocephalus, whereas only in 18 (34%) of 53 patients without hydrocephalus (p < 0.001) ( Table 1) .
In all patients with hydrocephalus the presence of the hygromas preceded the ventricular enlargement. The median time between the craniectomy and the appearance of hygroma was 9 days (interquartile range 5-13), whereas median time between hygromas and hydrocephalus was 18 days (interquartile range 11-37).
Ipsilateral hygromas and IHHs were significantly related to the development of hydrocephalus after DC, but only the significance of IHHs persisted in the multivariate analysis.
In 15 (88%) of 17 patients with IHH, the diagnosis of hydrocephalus was preceded by IHH. In 10 of these patients the collections were transient, showing a progressive shrinking of size at a rate inversely proportional to the ventricular enlargement rate and eventually disappearing after the onset of an overt hydrocephalus.
Interhemispheric Hygromas and Hydrocephalus
Multivariate analysis identified only one independent prognostic factor of decompressive posttraumatic hydrocephalus: IHH (Table 2 ). Multivariate Cox proportional hazards model curves were plotted for the presence or absence of IHHs. More than 80% of patients with an IHH developed hydrocephalus in the first 50 days of DC (Fig. 1) .
Receiver-operator characteristic (ROC) curves were constructed and analyzed by calculating the area under the ROC curves (AUC) to establish how the IHH predicted development of hydrocephalus in the first 6 months after DC. The sensitivity was 94% and the specificity was 96%; positive and negative predictive values were 91% and 98%, respectively. The presence of an IHH showed an AUC of 0.951 (95% CI 0.87-1.00; p < 0.0001).
Hydrocephalus and Patient Outcome
Unfavorable outcome (GOS scores of 1-3) was observed in 19 patients (95%) with posttraumatic hydrocephalus. Patients with hydrocephalus after DC presented an increased risk for poor outcome. However, this increased risk was not observed for mortality (Table 1) .
Discussion
The incidence of hydrocephalus in patients suffering severe traumatic head injury and requiring DC has been reported to be 0.7-86%, 4, 6, 12, 15, 19 the wide range owing to different evaluation criteria. Using radiological criteria for the diagnosis, we observed an incidence of hydrocephalus of 27.4% (20 of 73 patients). Moreover, we found CT evidence that ventricle enlargement developed in several patients without manifesting clinical symptoms (damage in some of the cases may have been too severe to produce any symptom). Our findings confirm that posttraumatic hydrocephalus is a common complication following DC.
Subdural hygromas represent a very common event in our patient population (49%). There is no unanimous agreement on the exact location of this fluid accumulation, so the subarachnoid space could be the place in-volved. However, some authors believe that the excessive fluid is within the subdural space and prefer to name this condition "subdural collections." Consequently, the term external hydrocephalus is not universally accepted.
External hydrocephalus is a well-known clinical entity in infants, in most cases being idiopathic. In other cases it is associated with macrocephaly or occurs as a result of trauma, infection, or venous hypertension. The course is self-limited, manifesting in the first 6 months of life and resolving spontaneously by 2 years of age. In a small number of cases, however, this entity can evolve into symptomatic progressive internal communicating hydrocephalus, requiring CSF shunting. Factors contributing to this conversion are still unknown, but it this seems to be an underlying disturbance of normal CSF absorption.
15
Adults with severe TBI who have undergone DC have a propensity for progressive CSF accumulation manifesting as enlarging extraaxial collections over the hemispheric convexity or hydrocephalus, as hypothesized by Cardoso and Galbraith. 4 This could indicate an inability to adequately balance the CSF production with the drainage into the venous sinuses.
The physiological mechanism by which hydrocephalus develops after DC remains to be determined. To find predictors of posttraumatic hydrocephalus, several authors have studied the possible relationship between ventricular size and various clinical and radiological parameters, with controversial results. 4, 10, 17, 19 The lack of a significant association between the presence of blood within the ventricles or the subarachnoid space and ventricular enlargement is surprising but not new, 19 but most authors consider this to be one of the most relevant factors.
The real clinical significance of posttraumatic hydrocephalus remains controversial, even in patients who have not undergone DC. 4, 6, 7 However, our results suggest a relationship between this CSF alteration and a poor outcome from head injury in patients in whom a DC has been performed.
In our series, the only factor directly related to the development of hydrocephalus was an IHH. In more than 85% of patients, subdural interhemispheric CSF collections preceded the ventricular enlargement. In most of the cases the CSF collections were transient, progressively shrinking at a rate inversely proportional to the rate of ventricular enlargement and eventually disappearing after the onset of an overt hydrocephalus.
Observing the evolution of serial control CT scans obtained in patients with IHH prior to the development of hydrocephalus, we can hypothesize that there are 2 consecutive phases connecting the formation of IHHs and the genesis of hydrocephalus: 1) In severe TBI, a large mass lesion acutely increases ICP, shifting the brain parenchyma toward the contralateral side and raising the pressure over the cerebral falx; after DC, the brain parenchyma is shifted again but this time toward the ipsilateral side, generating a suction effect and expanding the interhemispheric space. During this first phase there could be a mechanical/inflammatory blockage of the subarachnoid space so that the resistance to CSF outflow is increased (Fig. 2) . 5 This concept could explain why IHHs are observed during the 1st days after DC (rebound phase). 2) In a later phase, as Waziri and colleagues 22 have explained regarding patients with cerebral strokes, and assuming that the arachnoidal granulations function as pressure-dependent one-way valves from the subarachnoid space to the draining venous sinuses, it is possible that a disruption of the pulsatile ICP dynamics secondary to the opening of the cranial vault may result in a decreased CSF outflow (hydrodynamic phase).
The amplitude of slow-wave ICP decreased following DC, probably reflecting reduced ICP and an improved pressure-volume relationship. In other words, DC increases cerebral compliance but decreases the resistance to CSF outflow, "flattening" the normally dicrotic ICP waveform that usually allows outflow of CSF from the subarachnoid space (Fig. 2) . 7 Probably both rebound and hydrodynamic phases are necessary to cause posttraumatic hydrocephalus after DC, first increasing the resistance of CSF output, and then rapidly reducing this resistance when DC is performed. Thus, after the rebound mechanism takes place, the space between the brain and the falx expands, creating a new chamber that is filled with CSF. This collection persists due to disturbances in the resistance to the CSF outflow, linking to the development of early hydrocephalus as our study suggests.
As we have observed in this study, the presence of IHH (which occurs, on median, within the first 9 days after DC) has high sensitivity and specificity to predict the development of early hydrocephalus in the following days (median 18 days).
Conclusions
Hydrocephalus was observed in 27.4% of the patients with severe TBI who required DC. We found that the presence of traumatic SAH and IVH were not related to a higher risk of developing hydrocephalus. The presence of an IHH was a predictive radiological sign of hydrocephalus developing within the first 6 months of DC in patients with severe TBI. 
